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The MODIS 2.1- m Channel—Correlation
with Visible Reflectance for Use
in Remote Sensing of Aerosol

Yoram J. Kaufman, Andrew E. Wald, Lorraine A. Remer, Bo-Cai Gao, Rong-Rong Li, and Luke Flynn

Abstract—A new technique for remote sensing of aerosol over
the land and for atmospheric correction of Earth imagery is
developed. It is based on detection of dark surface targets in the
blue and red channels, as in previous methods, but uses the 2.1-
�m channel, instead of the 3.75�m for their detection. A 2.1-�m
channel is present on ADEOS OCTS and GLI, and planned on
EOS-MODIS and EOSP, and a similar 2.2-�m channel is present
on Landsat TM. The advantage of the 2.1-�m channel over the
3.75-�m channel is that it is not affected by emitted radiation.
The 2.1-�m channel is transparent to most aerosol types (except
dust) and therefore can be used to detect dark surface targets.
Correlation between the surface reflection in the blue (0.49�m),
red (0.66 �m), and 2.1 �m is established using atmospherically
corrected Landsat TM and AVIRIS aircraft images collected over
the Eastern United States, Maine, and California and spectral
data obtained from the ground and light aircraft near San Diego,
CA. Results from a variety of surface covers show that the
surface reflectance at 0.49�m (�0:49) and 0.66 �m (�0:66) can
be predicted from that at 2.2 �m (�2:2) within �� = �0:006 for
�2:2 � 0:10, using �0:49 = �2:2=4 and �0:66 = �2:2=2. Error in
surface reflectance of 0.006 corresponds to an error in remote
sensing of aerosol optical thickness,� , of �� � �0:06. These
relationships were validated using spectral data taken close to the
surface over vegetated areas in a different biome. This method
expands application of dark targets for remote sensing of aerosol
to brighter, nonforested vegetation. The higher reflection of the
surface at 2.2�m than that of 3.75 �m may even enable remote
sensing of dust above surfaces with reflectivity�2:2 = 0:15�0:05.
For this reflectivity range the dust radiative effect at 2.2�m is
small, and the surface reflectance in the blue and red channels
can be retrieved.

Index Terms—Aerosols, atmosphere correction, remote sensing.

I. INTRODUCTION

ROUTINE daily remote sensing of aerosol from satellites
over the continents and oceans is envisioned to be the

primary means of obtaining a global budget of aerosol, and
of determining the contribution of anthropogenic emission, in
order to be able to assess the aerosol radiative forcing on
climate [19], [26]. Due to the short aerosol lifetime [2], and
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the resulting strong spatial variations in the aerosol concentra-
tion, ground-based stations cannot assess trends in the global
aerosol budget. They are, though, very important in measuring
the aerosol physical and optical properties [8], [17], [24], [35].
Recently there has been a resurgence of interest in aerosol
radiative forcing of climate by direct reflection of sunlight to
space [2], [20], [26] and by their effect on cloud microphysics
and albedo [3], [11], [18], [22], [37]. Uncertainty in modeling
this forcing is considered one of the largest uncertainties in
climate modeling [6]. The remotely sensed aerosol information
is also required for atmospheric correction of satellite images
of surface cover [15], [31] Several satellite sensors, to be
launched in the next several years, are designed to measure
global aerosol concentration and properties using the spectral,
angular or polarization properties of solar radiation reflected
by the aerosol. The spectral properties are emphasized by
the EOS-MODIS (Earth Observing System-Moderate Reso-
lution Imaging Spectrograph) [21], [32] and ADEOS-OCTS
and GLI (Advanced Earth Observing System-Ocean Color
and Temperature Scanner and Global Imager) sensors. The
angular characteristics are emphasized by EOS-MISR (Multi-
angle Imaging Spectroradiometer) [23] and ADEOS-POLDER
(Polarization and Directionality of Earth’s Reflectances) and
the polarization measurements by POLDER [4] and EOS-
EOSP (Earth Observing Scanning Polarimeter).

Operational remote sensing of aerosol over ocean is done
with AVHRR [10], [29], but is untried for land. However,
remote sensing of aerosol over the land is important because
anthropogenic sources are located on land, so this is where
a big part of the radiative forcing is concentrated [11], [20].
Remote sensing of aerosol over land is not done operationally
because reflection of sunlight by the variable surface cover
can be confused with the backscattering by the aerosol layer.
The reflection of sunlight by the earth surface also influences
the polarization signal measured from space, thus affecting
detection of aerosol by polarization [4]. The lower the surface
reflectance, the lower is the effect of uncertainty in the surface
properties on remote sensing of aerosol using radiance or
polarization. It is necessary, therefore, to develop methods to
detect dark surface covers and to estimate their reflectance of
sunlight under the aerosol layer.

Kaufman and Sendra [14] suggested using dense dark veg-
etation, usually green forests, as the dark targets and to detect
them by using the vegetation index (composed of radiances
in the red and near-infrared channels) measured at the top
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of the atmosphere. Since the vegetation index is affected
significantly by the aerosol [7] the threshold value that defines
dense vegetation varies from image to image depending on the
aerosol concentration. This serious restriction was alleviated
by [9] and [13], who used the 3.75-m channel to detect dense
vegetation. The advantage of this long wavelength is that it is
not affected by accumulation mode aerosol, e.g., sulfates and
organic particles [13], though it is affected by dust [1]. The
measured reflectance in this channel can be used to detect
forested or dense vegetation pixels that are the darkest pixels
over the land. In order to develop a universal threshold to
detect forests, Kaufman and Remer [13] suggested correcting
the radiance in this channel for the emission of thermal
radiation using an IR channel at 11m. This correction is
complicated by uncertainties in the surface emissivity and by
atmospheric absorption in the IR [30].

The techniques for detecting dark surface pixels using the
mid-IR could be improved in several aspects:

• Detect the dark pixels in a shorter mid-IR spectral channel
that is not affected by emission of IR radiation, but
for which the effect of aerosol will still not inhibit the
detection of the dark pixels.

• Increase the range of admissible reflectances of the dark
pixels, and therefore the spatial coverage of remote sens-
ing of aerosol over the land by predicting the reflectance
of the surface in the red and blue channels using the
detected reflectance in the mid-IR instead of using a
threshold. The red and blue channels are then used to
detect the aerosol optical effect and loading.

• Develop a remote sensing technique that may be applica-
ble also in the presence of dust.

In this paper, we use the 2.2-m channel, present on the
Landsat Thematic Mapper (TM), to show that the 2.1-m
channel planned for the MODIS, OCTS, GLI, and EOSP
sensors, can be better than the 3.75m channel for detection
of dark targets, estimating their reflectance in the blue and
red channels and using them for remote sensing of aerosol.
Vegetation spectra between 2.1 and 2.2m are flat enough so
that there is little difference between using the TM 2.2-m
band and the MODIS 2.1-m band for this application.

There are currently no models describing reflectance from
vegetation-soil targets as a function of plant self-shadows and
liquid water content, so the relations presented in this paper
are entirely empirical. They are observed to hold for area-
averaged scenes of a variety of dark, vegetated targets.

II. SURFACE REFLECTANCE AT 2.2 m
VERSUS THAT AT 0.49 AND 0.66 m

The 2.2- m channel is in the next atmospheric window
shortward of the 3.75 m channel window. Its wavelength is
already short enough that emission from the300 K earth sur-
face does not have a noticeable effect on the apparent surface
reflectivity. It therefore will not be affected, like the 3.75-

m channel, by uncertainties in emission corrections although
it will be affected by atmospheric absorption. The 2.2m
wavelength is much larger than the size of most aerosol types
(smoke, sulfates, etc.) so that these aerosols are transparent to

solar radiation at 2.2 m. Unlike emission corrections, there
is much greater certainty in correcting for the effect of water
vapor absorption once the amount of water vapor in the column
is measured from the same satellite. To test its use for detecting
dark targets and remote sensing of aerosol, we need to know
to what extent the earth’s surface reflectivity in the red and
blue parts of the spectrum is correlated to that at 2.2m.
There is also a need to test the residual effect of aerosol
in this channel. Once the dark targets are detected and their
reflectance estimated, remote sensing of aerosol can proceed
using the methods outlined by [9] and [14].

We anticipate a correlation between the surface reflectivity
in the blue or red spectral channels and the 2.2-m channel
for the same reasons such correlation was anticipated and
measured between the red and the 3.75-m channel [13].
Shadows, presence of vegetation, and presence of wetness in
the soil, all tend to reduce the reflectivity in the mid-IR and the
visible simultaneously. The reason is that while chlorophyll in
vegetation absorbs solar radiation in the red and blue channels,
the liquid water in vegetation absorbs in the 2.2 and 3.75m
bands. The absorption is smaller at 2.2 than in 3.75. Wet soil,
while being darker in these mid-IR channels due to the water
absorption, is also darker in the visible part of the spectrum,
because the difference between the refractive index of soil
grains and the spaces between them is reduced when the spaces
are filed up with water. This increases forward scattering, and
so darkens the soil surface.

The physical basis for this aerosol detection scheme is
illustrated in Fig. 1. The four images on the right side of the
this figure were taken on a fairly clear day over Virginia, the
images on the left during a smoke event over Alta Floresta,
Brazil. The intensity scale of the blue, red, and 2.2-m images
for both sets of images are equal. The three Virginia images
in the red, blue, and 2.2-m channels, except for atmospheric
reflectance in the blue and red channels, look similar to each
other, illustrating the correlation in reflectance among these
bands for vegetated land surfaces. Note that the intermediate
0.86- m channel looks different. The two visible-wavelength
Alta Floresta images show only aerosol scattering, but the 2.2

m image is not affected by the aerosol, and reveals land
surface. The aerosol detection scheme is based on the fact that
the blue and red reflectance of the vegetated surface below
the aerosol can be estimated from the 2.2m reflectance. The
difference between the measured reflectance in the red/blue
and this estimated surface reflectance is due to the aerosol.

To find the correlation between the reflectivity in the visible
and 2.2 m, we collected several AVIRIS and Landsat TM
images, that have both the blue (0.49m), red (0.66 m) and
the 2.2- m channels. Six images were collected during the
SCAR-A experiment (Sulfates Clouds and Radiation experi-
ment—Atlantic) with simultaneous measurements by sun/sky
radiometers of the aerosol optical thickness for low aerosol
loading as well as total column precipitable water. The images
were corrected for the residual atmospheric effect including
gaseous absorption at 2.2m. Rayleigh correction of satellite
images was carried out using the known altitude of the targets
and the 6s radiative transfer code [38]. Aerosol correction
was carried out using sun/sky radiometer data (there was a
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Fig. 1. Demonstration of remote sensing of aerosol using the 2.2-�m channel. The four images on the right were taken on a fairly clear day over Virginia.
The four on the left were taken during a smoke event over Alta Floresta, Brazil. The spectral channel for each row of images is given in the left column.
The optical depths for the visible wavelength images are also given.

radiometer located in each image) to establish aerosol optical
depth, which was then used in the 6s code [38]. Typically
the reflectance due to path radiance was about 0.08 in the
blue, 0.03 in the red, and 0.001 at 2.1m. The transmission
was about 0.7–0.8 for all three wavelengths. The accuracy of
the atmospheric correction can be estimated by noting that
Lake Drummond, VA had a post-correction reflectance of
0.004 at 2.1 m. Water should have zero reflectance at 2.1

m, so this residual reflectance estimates the quality of the

atmospheric correction. These images, collected in July 1993
over the Eastern United States, represent green and wet surface
conditions. One AVIRIS image was taken from a forested area
in Howland, ME, September 1990, and one in a dry zone in
Linden, CA, August 1992, to increase the range of surface
cover type. For these two images the aerosol concentration
was not measured but these locations are known to be low
on aerosol. For each image many specific surface targets were
identified and their atmospherically corrected surface spectral
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TABLE I
THE LOCATION AND DATES OF THE SIX AVIRIS IMAGES AND THE TWO LANDSAT TM I MAGES USED IN THE ANALYSIS. THE SLOPE AND INTERCEPT OF THE

ATMOSPHERICALLY CORRECTEDREFLECTANCE AT 0.49�m AND 0.66�m AND THAT AT 2.2�m ARE GIVEN AS WELL AS THE INTERCEPT FORREFLECTANCE IN THE

2.2 �m �0:15. THE AVERAGE VALUES OF THE SLOPES (0.25 AND 0.51, RESPECTIVELY) AND THE STANDARD DEVIATIONS ARE GIVEN.
THE INTERCEPTIS INTERPRETED AS ARESIDUAL AEROSOL EFFECT OROVER CORRECTION, BUT HAS A NEGLIGIBLE EFFECT ON THESLOPE

reflectance was stored. Table I summarizes the information
about the images and the main results of analysis of surface
spectral properties for each image.

The average slope of the relationship between the surface
reflectance at 0.49m ( ), 0.66 m ( ) and that at 2.2

m ( ) for the AVIRIS and TM images, given in Table I,
is, respectively, three and six times larger than the standard
deviation in the slope. For the average slope the reflectances

and , can be predicted from using

and

(1)

with an uncertainty, , which is 1/3 and 1/6 respectively of
the values of (e.g., ).
The intercepts between , and , are interpreted to
be the result of residual aerosol effect or over correction of the
aerosol effect. The intercepts are small, of the order of 0.005,
and are much smaller for images acquired with simultaneous
aerosol data than for images without such data. These errors
in the atmospheric correction are mostly a bias in the red or
blue radiance in each image and therefore have a negligible
effect on the slopes. Note that the average value of the

intercepts is much smaller than the standard deviation between
them. Therefore a zero average intercept is a possible value,
indicating that the intercept is likely a result of uncertainty
in the atmospheric correction. To remove this atmospheric
contamination, the intercepts were subtracted from the images
in the analysis in this paper.

The relationship among the reflectances of the specific
surface targets in these images: , and , are
plotted in Fig. 2. A different symbol was used for each of
the AVIRIS or Landsat TM images. Only data for

were plotted. The results indicate a correlation between
the surface reflectance in the visible and mid-IR channels.
The error in predicting the surface reflectance in the visible
channels using the reflectance at 2.2m, increases with the
increase in the reflectance itself. Table II summarizes the
reflectances and the average absolute error in using (1) to
predict the red and blue channels for several ranges of.
For , the prediction error is for both
the 0.49 and 0.66m channels. The error doubles for brighter
surfaces ( for ). Note that
the error in the derived aerosol optical thickness () using
the predicted value of the surface reflectance, is typically

. Therefore, for , which
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TABLE II
THE RATIO OF THE REFLECTANCE IN THE VISIBLE CHANNELS AND THE 2.2-�m CHANNEL, THE AVERAGE

REFLECTANCE AT 0.49 AND 0.66�m, AND THE AVERAGE ABSOLUTE ERROR IN PREDICTING THE REFLECTANCE USING

THE REFLECTANCE AT 2.2 �m WITH (1). ERRORS LARGER THAN 0.01 ARE EMPHASIZED WITH BOLD LETTERS

Fig. 2. Scatter diagrams between the surface reflectance at 0.49�m (�0:49),
0.66�m (�0:66), and that at 2.2�m (�2:2). A different symbol is used for
each of the Landsat TM or AVIRIS images (see notations in the bottom figure).
The average relationships�0:49=�2:2 = 0:25 and�0:66=�2:2 = 0:5 are also
plotted. Only the first July 16 Maryland data set is plotted.

is a typical contribution of the uncertainty in the surface
properties to the error in remote sensing of aerosol.

In order to generalize the results for global applications,
the average absolute error in predicting the surface reflectance
is considered separately for different surface cover types and
summarized in Table III. There are four different types of
forest. “Forest” represents a dense, deciduous canopy mostly
found in the Virginia images. “Upland forest” is the mixed

forest of the hilly terrain of western Maryland. “Pine trees”
are the pine forests of the New Jersey pine barrens. “Dense
vegetation” is a darker, denser land surface type interspersed
within the pine forests of New Jersey. There are four categories
of “natural vegetation” corresponding to the four different
geographical areas: New Jersey, Virginia, Maine, and Mary-
land. “Natural Vegetation” represents a surface type that is
green in the visible, but brighter than the forest class and
visually determined not to be cultivated fields. A fifth type
of natural vegetation is designated “chaparral” and represents
the brushy, grayish-brown vegetation of the Sierra Nevada
foothills in California. “Crop fields” represent cultivated land
where rows or furrows are identified or where the land use
pattern strongly suggests cultivation. “Crop field” targets span
a range from a dense green canopy to mostly bare soil
or stubble. “Urban area” represents residential Norfolk and
includes buildings, streets and landscaping. “Soils” are very
bright targets adjoining forests or natural vegetation sites in
Maryland or Virginia. “Sand” refers to similar bright targets
but located in New Jersey, where the soil is known to be
extremely sandy.

In Table III, the surface targets from all the images used in
this study, are combined for the same classes of the surface
cover. The average reflectance and standard deviation are
given for each channel as well as the difference between
the measured ( ) and predicted value ( ) of the surface
reflectance at m and m. The entries are
organized in order of increasing reflectance at 2.2m. The
error of prediction ( ) varies, but it is less than
or about 0.01 for a wide variety of surface covers including
forests, natural vegetation, and crops. In the 0.49m channel
the error is less than or about 0.01 for all the surface covers
surveyed, except for the urban areas, even if the reflectance
at 2.2 m increases to 0.30, as for sand. The results are also
plotted in Fig. 3.

III. A EROSOL SPECTRAL SIGNAL

Detection of aerosol in the blue and red channels is based
on the assumption that the aerosol effect is much smaller or
negligible at 2.2 m versus that at the blue and red channels.
This hypothesis is simulated for the present surface covers
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TABLE III
THE AVERAGE REFLECTANCE, STANDARD DEVIATION AND , ERROR IN PREDICTING THE SURFACE REFLECTANCE AT 0.49 AND 0.66�m FROM THAT AT 2.2 �m FOR

SEVERAL CATEGORIES OF THESURFACE COVER TYPES. THE REFLECTIVITY IN THE 2.2-�m CHANNEL. THE NUMBER OF CASES ANALYZED FOR

EACH CATEGORY AND THE RATIO OF THE REFLECTANCESARE ALSO GIVEN. ERRORSLARGER THAN 0.01 ARE EMPHASIZED WITH BOLD
LETTERS. ��i IS THE ERROR IN PREDICTION, �m

i
THE MEASURED REFLECTANCE AND �

p

i
THE PREDICTED REFLECTANCE FORCHANNEL i
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TABLE IV
THE EFFECT OFAEROSOL FORCONTINENTAL AND BACKGROUND DUST MODELS ON THE OBSERVED REFLECTANCE FROMSPACE AT 0.49, 0.66,AND 2.2 �m. THE

AEROSOL OPTICAL DEPTH USED IN THE MODEL WAS 0.25 AT 0.55�m. THE SHADED AREA INDICATES SURFACE COVERS FORWHICH THE EFFECT OFDUST

AEROSOL ON THE2.2-�m CHANNEL IS SMALL : ��
�

2:2
� 0:01; WHERE �� IS THE APPARENT REFLECTANCE AT THE TOP OF ATMOSPHERE

Fig. 3. Scatter diagram between the surface reflectance at 0.49�m (full
symbols) and 0.66�m (empty symbols) to that at 2.2�m, based on their
reflectance tabulated in Table III. Several of the surface types are identified.
The average relationships�0:47=�2:2 =

1

4
and �0:66=�2:2 =

1

2
are also

plotted (solid lines).

using the 6S code [38] for continental and background dust
models (Table IV). We define the aerosol effect as

aerosol no aerosol (2)

where is the apparent reflectance at the top of the atmos-
phere. For the continental model, even for the heavy aerosol
loading (optical thickness of 0.5 at 0.55m) the aerosol effect,

, on the reflectance observed from space at 2.2m, ,
is very small. It is close to zero for forests and most other
vegetation types ( ) increasing to

for soils and sand (see Fig. 4). At the same time the
effect on the blue and red channels is and

. The optical effect in the blue and red channels
is smaller for brighter surfaces (soils) than for darker surfaces
(forests) and therefore aerosol detection is more accurate for
the darker surfaces. A detailed discussion of the dependence
of the aerosol effect on the surface reflectance and the aerosol
properties (e.g., the single scattering albedo and the scatter-
ing phase function) was given by [5]. Continental aerosol
includes large concentrations of small sulfate particles that
cause the strong spectral dependence. Similar characteristics
are expected from smoke particles that are as small or even
smaller [16], [28].

Maritime and dust particles are much larger with a smaller
spectral dependence [33], [34], [36]. Their effect on the
apparent reflectance in the visible and mid IR channels is
also simulated with the 6S code and shown in Fig. 3 and
Table IV. While the effect of continental aerosol decreases
by an order of magnitude from the visible to mid-IR, the
effect of the background dust decreases only by a factor
of 2. Therefore, we could expect that the present technique
for remote sensing of aerosol would not work for dust.



KAUFMAN et al.: VISIBLE REFLECTANCE FOR USE IN REMOTE SENSING 1293

(a)

(b)

(c)

Fig. 4. (a) Top of atmosphere reflectance for forest, natural vegetation, urban
areas, soil, and sand for atmosphere with no aerosol, (b) the difference between
the satellite measured reflectance with and without aerosol for forest and soil,
for continental aerosol and background dust for optical thickness of 0.5, and
(c) same for urban area, natural vegetation, and sand.

However, the higher surface reflectance at 2.2m provides
some help. For the dust radiative effect
in the present model is small ( , see Table IV),
because the effects of absorption and back-scattering balance
out. Reflectance of can be found for crops,
bright natural vegetation, urban areas, and some soils. Forests
are much darker ( ) and sand much brighter
( ), thus the radiative effect of dust aerosol on
apparent reflectance does not cancel. The reflectance of

, may be typical of some of the dark surfaces in
semi-desert areas that are affected by dust. Pinker and Karnieli
[27] conducted spectral measurements in the Israeli desert
transition zone. They measured surface reflectance of less than
0.04–0.05 in the blue channel for Loessial plains, Wadi beds,
some rocky terrain and sparse vegetation areas which imply
that surfaces with can be expected in this type of
geography. For such dark surfaces, the presence of dust and its
optical thickness and loading may be detected. Further studies
based on spectral measurements of the surface reflectance in

the semi-desert areas are needed to established the applicability
of the technique to dust.

IV. V ALIDATION USING AN INDEPENDENT DATA SET

Relationships were derived for a variety of vegetated surface
types (1), with emphasis on green, wet, temperate vegetation.
These relations must be validated for a variety of vegetated
surface type in order to be useful for global remote sens-
ing of aerosol. The satellite and AVIRIS images used in
this study were corrected for atmospheric effects, leaving
a residual error. It is therefore desirable to obtain spectral
data without need for extensive atmospheric correction. To
this end, we obtained visible/near-infrared spectra of semi-
arid vegetation from low-flying light aircraft and from the
ground near San Diego, CA, on Dec. 18–21, 1995. This type
of vegetation, composed mostly of dry, olive-green scrub,
is substantially different than the green, wet vegetation in
most of the Landsat and AVIRIS images used in deriving (1).
Spectra of these vegetated surfaces were taken by two Analytic
Spectral Devices FieldSpec spectroradiometers, one owned by
Goddard Space Flight Center, one by the University of Hawaii.
Measurements were made at ground level in Torrey Pines
State Park near the Pacific coast, and from low-flying light
aircraft over surrounding areas. Targets included vegetation
typical of semi-arid regions such as mixed chaparral, pine,
toyon, broom, and yucca. The measurements from aircraft
included similar semi-arid vegetation, plus “golden”-brown
grass, cultivated land, and orchards. Spectra are averaged over
the band passes of MODIS band 1 (red, 0.620–0.670m),
band 3 (blue, 0.459–0.479m) and band 7 (2.2, 2.105–2.155

m) assuming square transmission.
The data from the light aircraft were collected at altitudes

of about 350 m (Fig. 7) on a day with excellent visibility and
assumed minimal aerosol optical thickness. Rayleigh scattered
light from the atmosphere below the airplane will contribute
to the detected signal in the blue band. For ground targets
with zero reflectance in the blue, the radiance detected at
the airplane will equal the Rayleigh scattering contribution.
Rayleigh scattering below the aircraft is negligible in the red
and 2.2- m bands. Therefore, Rayleigh scattering in the blue
band for the atmosphere below the aircraft was calculated
using the 6s radiative transfer code [38], and the best-fit line for
the blue reflectance versus 2.2-m reflectance is constrained to
this value when the 2.2-m reflectance is zero. The best-fit line
for the red reflectance versus 2.2-m reflectance scatterplot is
constrained to pass through the origin. It is observed that,
for spectra of mixed targets in the San Diego area such as
those obtained from aircraft, the correlation of red and blue
reflectance with 2.2-m reflectance is given by

and

(3)

with an uncertainty, , which is 1/47 and 1/16, respectively,
of the values of (e.g.,

) for scenes with 2.2-m reflectance less than about 0.25.
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The coefficient for the blue reflectance in (3) is within one
standard deviation of the coefficient in (1). The coefficient for
the red reflectance in (3) is very close to being within one
standard deviation of the coefficient in (1). The correlation for
these data hold to , substantially larger than the

limit found for the satellite/AVIRIS dataset.
The standard deviation of red/blue reflectance calculated

from 2.2- m reflectance derived from the San Diego spectral
data is much smaller than the standard deviation calculated
from the AVIRIS and TM data. This can be due to dif-
ferences in the biomes and/or due to residual errors from
the atmospheric correction of the TM/AVIRIS images. While
most of the TM/AVIRIS dataset was taken above green, moist
vegetation, one image in the AVIRIS data set was taken in
California, and consisted of chaparral. For this image, blue
reflectance was 30% of the 2.2-m reflectance, and the red
reflectance was 45% of the 2.2-m reflectance. These values
are as different from the relations derived above for chaparral
as chaparral is from the green, wet, temperate vegetation that
constitutes most of the satellite dataset. This suggests that
difference in the atmospherically corrected band correlations
between two different biomes is smaller than the variation of
correlation within a biome, and that (1) has wide validity.

If the relationships of (3) were used instead of (1) to
predict red(blue) surface reflectance, a surface with 2.2-m
reflectance of 0.1 implies a red(blue) reflectance of 0.04(0.02)
instead of the 0.05(0.025) calculated by (1). The difference in
reflectance (0.01 in the red, 0.005 in the blue) corresponds to
an error in aerosol optical depth of 0.05–0.1. We conclude that
the error involved in applying (1) to an independent data set
in a different biome remains within acceptable limits, and this
conclusion supports the global application of the relationships
described in (1).

V. SPATIAL AVERAGING

Fig. 5 shows some sample spectra from the ground-based
measurements made in Torrey Pines State Park, and the
locations of MODIS bands 1 (red), 3 (blue), and 7 (2.2m).
Fig. 6 shows the correlation of the red and blue channels with
the 2.1- m channel for the ground-based observations. The
best-fit lines for these data show that the red reflectance is
one half of the 2.2-m reflectance, but the blue reflectance
is 0.34 of the 2.2-m reflectance. However, the correlation
coefficients for these fits are fairly weak. The correlation for
the airborne dataset (Fig. 7) is much larger than for the ground-
level measurements, a result which is due to the large-scale
averaging taking place during the aircraft measurements.

The reason spatial averaging is important to achieving a
strong correlation is because correlations between the visible
bands and 2.1-m band are caused by self-shadows and by
liquid water-chlorophyll correlation. A typical low-resolution
target composed of both illuminated leaves and shadows maps
to some point on the red–2.1m and blue–2.1 m plots. If
this pixel is decomposed into its component shadow and light
components, these individual parts also map to some point on
the red–blue–2.1m plots. These points do not lie on the same
line as the low resolution pixel because these new points do

(a)

(b)

Fig. 5. (a) Sample vegetation spectra taken from ground level in Torrey Pines
State Park, San Diego, CA. The targets are, from lowest to highest reflectance
at 2.1�m, sage, buckwheat, and toyon. The locations of MODIS bands 1, 3,
and 7 are shown and (b) sample vegetation spectra taken from light aircraft
in the same area. The targets are, from lowest to highest reflectance at 2.1
�m, dense shrub, a stand of trees, and brown grass. The locations of MODIS
bands 1, 3, and 7 are shown.

not depend on self-shadowing the same way that the large-
scale pixel did. In particular, sky illumination fills in shadows
in the blue but not in the red or 2.1m. Therefore the slope
of the red– m plot should not depend on spatial resolution
(it is close to 0.5 for our ground-based, aircraft, and satellite
data), but the blue–2.1m should (it varies between 0.25–0.34
depending on spatial resolution). Different types of plants have
different proportions of shadows, causing the high-resolution
data to spread about the low-resolution target line, weakening
the correlation of the ground-based measurement as compared
to the aircraft/satellite data.

VI. SEASONAL DEPENDENCE

This aerosol detection method will only work with leafy
vegetative canopies, and so depends on season. We made
aircraft measurements of vegetation reflectance over Charles
County, MD, on April 22 and May 22, 1996 to observe
how the blue–red–2.1 m correlation changes as a function
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Fig. 6. Reflectance at 0.49 and 0.66�m as a function of 2.2-�m reflectance
for spectra of vegetation spectra taken at ground-level in Torrey Pines State
Park, San Diego, CA.

Fig. 7. Reflectance at 0.49 and 0.66�m as a function of 2.2-�m reflectance
for spectra of vegetation spectra taken from low-flying aircraft. The circled
points correspond to the spectra shown in Fig. 5(b).

of time during the growing season. On April 22, Charles
County forests were starting to leaf out, but still had many
bare branches. Cultivated fields were still all soil or had some
small fraction of green shoots. On May 22, the forests and
fields were all green. Red reflectance versus 2.1-m reflectance
for these two days is shown in Fig. 9, blue reflectance versus
2.1- m reflectance in Fig. 10. Also plotted are best-fit lines,
including Rayleigh scattering for the blue reflectance. For
both April and May, there are two populations of points. The
population with the largest visible reflectances and smallest
2.1- m reflectances are those that include both vegetation and
standing water in the scene. In May, the foliage has become
thick enough to reduce, but not eliminate, the effect of water
underneath the canopy.

Because the presence of standing water ruins the visible-
near infrared correlation, it is important to determine which tar-
gets contain standing water. To do this, we plotted
versus (Fig. 10). The ratio will be higher
for spectra of vegetated targets containing standing water

Fig. 8. Scatter diagram (top) and histogram (bottom) of the ratio between the
reflectance at 0.66 and 0.49�m computed from spectral reflectance measured
in a semi-arid environment in Southern Israel [27]. The thick solid lines in
the top figure are the best fits to the data assuming a linear fit and assuming
a fixed ratio between the reflectances in the two channels.

than for those without, and will be lower for spectra
of targets containing standing water than for those without.
Therefore there should be a clear separation of points on this
plot corresponding to targets with standing water from points
corresponding to targets without water. For both April and
May, there is a threshold at about , below which
are only targets containing water. These targets are all very
dark ( 0.05 reflectance) at 2.1m, and all correspond to
targets that contain standing water. However, there are some
spectra of targets containing standing water that do not fall
below this threshold.

VII. D ISCUSSION AND CONCLUSIONS

Detection of dark surface pixels as a basis for remote
sensing of aerosol over the land can benefit substantially from
detection of the dark pixels using the mid IR 2.2-m band
present on the Landsat TM and the 2.1-m channel planned for
the EOS-MODIS and ADEOS-OCTS, and GLI sensors. Using
remote sensing data from Landsat TM and aircraft AVIRIS
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Fig. 9. Reflectance at 0.66�m as a function of 2.2-�m reflectance for spectra
of vegetation taken from low-flying aircraft over Charles County, MD, on
April 22 and May 22, 1996. Also plotted are the best fit lines. The correlation
between the channels gets larger and the vegetation becomes darker in both
channels as the growing season progresses.

sensor, corrected for atmospheric effects including water vapor
absorption at 2.2 m, the relationships between the surface
reflectance at the 0.49m and 0.66 m channels and the mid-
IR 2.2- m channel were determined. Even though over 200
targets were used in the analysis, consisting primarily of green,
wet temperate vegetation, but also including crops, urban
areas, soils, and sand, there is a need to expand the data set for
global representation. One limitation of the original data is that
the TM/AVIRIS data set consisted of only nadir observations
of the targets. Another is that imperfect atmospheric correction
may affect the derived correlations. Differences may arise due
to different transparency of leaves to the radiation and different
brightness of the diffuse sky radiation.

The present results indicate that dark surface reflectance in
the red (0.66 m ) channel is half of that at 2.2-m
channel ( ), and the reflectance in the blue (0.49m )
channel is a quarter of that at 2.2-m channel. Using this
relationship, the surface reflectance in the visible channels can
be predicted within from for

. This is half of the error that was obtained using
the 3.75 m [13] and corresponds to an error in the aerosol
optical thickness of . The method was validated by
ground-level and aircraft observations on semi arid vegetation
that is very different than the bulk of the original satellite
dataset. The independent data sets; which do not require
extensive atmospheric correction, allow an extension of the
calculated relationships not only to a different biome but also
to nonnadir angles. Aircraft measurements were obtained at
zenith angles of about 45at a variety of azimuth angles. The
results validate the original relationships in (1) for a different
biome and suggest validation at nonnadir angles. Specific
angles such as the direct backscattering near the vegetation
“hot spot” may introduce a problem because in that direction
the canopy will not be affected by self-shadowing.

We also compared (1) against 0.4–1.0m spectra of a semi-
arid region of Israel [27]. The data can be used only to compare
with the ratio of the red and blue channels. The results, shown
in Fig. 8, reveal that for a wide range of surface reflectance

Fig. 10. Reflectance at 0.49�m as a function of 2.2-�m reflectance for
spectra of vegetation taken from low-flying aircraft over Charles County, MD,
on April 22 and May 22, 1996. Also plotted are the best-fit lines, including
Rayleigh scattering. The correlation between the channels gets larger and the
vegetation becomes darker in both channels as the growing season progresses.

the average ratio of the reflectance at 0.66 and 0.49m is
1.94, similar to the factor of 2.0 in (1). But the variability of
the reflectance around the best fit line is much larger than in
the data sets presented in the present paper, of the order of
0.05. These data suggest that the relationship derived in this
paper hold not only in the original green, wet, temperate zone
and in San Diego, but in a desert transition region as well.

The present method can be applied not only to forests but
also to some brighter, lower canopies. Allowing for larger
errors, remote sensing of aerosol may be expanded to grasses
and crops with reflectance as high as . Other
surface covers such as soil can be used to derive the optical
thickness in the blue channel with an error of
and corresponding uncertainty in the aerosol optical thickness
of . Previously, remote sensing of aerosol was
restricted to continental and biomass burning aerosol with
small particles that excluded dust [9], [13]. Using the 2.2-m
channel to detect surfaces with reflectance of

, it is possible to detect dust as well. Dust changes the
apparent reflectance in this channel for this reflectance range
by only . The corresponding surface reflectances
in the visible are and still
low enough to be used to detect the dust optical thickness.
Spectra taken of semi-arid vegetation suggest the possibility
that this method may be extended to vegetated surfaces with

.
Remote sensing of aerosol over the land from the MODIS

sensor, planned to be launch as part of the Earth Observing
System in 1998, will be based on detection of dark targets
using mid-IR channels (e.g., 2.1 and 3.9m—[32]) and
aerosol models that vary with the atmospheric conditions and
are based on aerosol climatology derived from observations of
the whole atmospheric column [12], [17], [25], [35]. This work
is a first step in applying the 2.1-m channel for this purpose.
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